Free energy calculations based on molecular dynamics (MD) simulations have seen a tremendous growth in the last decade. However, it is still difficult and tedious to set them up in an automated manner, as the majority of the present-day MD simulation packages lack that functionality. Relative free energy calculations are a particular challenge for several reasons, including the problem of finding a common substructure and mapping the transformation to be applied. Here we present a tool, alchemical-setup.py, that automatically generates all the input files needed to perform relative solvation and binding free energy calculations with the MD package GROMACS. When combined with Lead Optimization Mapper (LOMAP; Liu et al. in J Comput Aided Mol Des 27(9):755-770, 2013), recently developed in our group, alchemical-setup.py allows fully automated setup of relative free energy calculations in GROMACS. Taking a graph of the planned calculations and a mapping, both computed by LOMAP, our tool generates the topology and coordinate files needed to perform relative free energy calculations for a given set of molecules, and provides a set of simulation input parameters. The tool was validated by performing relative hydration free energy calculations for a handful of molecules from the SAMPL4 challenge (Mobley et al. in J Comput Aided Mol Des 28(4):135-150, 2014). Good agreement with previously published results and the straightforward way in which free energy calculations can be conducted make alchemical-setup.py a promising tool for automated setup of relative solvation and binding free energy calculations.
Introduction
Alchemical free energy calculations [5, 9, 10] have increased in popularity since their appearance three decades ago, when the first such calculation of practical use was performed [11] . Currently, these calculations find their major application in biomolecular modeling [8] , and computer-aided drug design in particular [6] . In the early stage of computer-aided drug design, a library of compounds is screened to find a molecule that could be suitable to become a drug. Traditionally, this has often been performed by docking [17] , in part because of the low computational cost of this method. Alchemical free energy calculations, however, have not attained the same level of success as docking. While part of the reason for this may be the relatively higher computational cost, a larger factor is likely the lack of high-level automation, such as seen for docking techniques. During lead optimization in a drug discovery project, one might want to rank tens to hundreds or perhaps even thousands of possible compounds by their predicted affinity to a target or targets. This requires setting up myriads of relative free energy calculations and correctly analyzing all of the large amount of data generated.
Recently, we developed a tool which standardizes analysis, helping with this task [13] . But far more automation is still needed to set up free energy calculations.
The free energy calculation workflow can be broken down into three distinct steps: planning, i.e. figuring out between which molecules the calculations are to be performed; preparing input files for the simulations; and analyzing the output produced by the MD simulation package. The whole workflow is schematically shown in Fig. 1 . In our lab, some progress has been reached in developing the terminal stages of this workflow, planning [14] and analysis [13] . In this paper we present the missing link of the workflow, a Python tool, alchemicalsetup.py, for automated relative free energy setup, freely accessible on GitHub at https://github.com/Moble yLab/alchemical-setup.
Theory and methodology
There are two main types of relative free energy calculations Here, our focus is on relative free energy calculations, which compute the free energy change associated with transforming or perturbing one chemical entity into another, or replacing one with another. These two different approaches-transformation versus replacement-are typically called ''single topology'' and ''dual topology'' relative free energy calculations, respectively [20] . To understand these types of transformations, consider a transformation between two molecules, A and B, sharing a common substructure (CSS). Single topology calculations rely on this substructure as their foundation. There are two types of single-topology free energy calculations [13] , ''single topology, implicit intermediate'' and ''single topology, explicit intermediate''. In the single topology, implicit intermediate approach, we perturb A to B directly, using the CSS to determine which atoms are appeared or disappeared and which will simply have modified nonbonded interactions (possibly including modifications to atom type) as a result of the transformation. Missing atoms of either molecule are represented as ''dummy'' atoms in the CSS, atoms without non-bonded interactions. An example of the single topology, implicit intermediate approach is shown in Fig. 2b . In the alternative (single topology, explicit intermediate) approach depicted in Fig. 2a , an intermediate state corresponding to the CSS is introduced so that the transformation of end state A into end state B is split into two steps (hence the name): A ? CSS and CSS ? B. Dummy atoms are again used to replace missing atoms. In contrast, dual topology free energy calculations involve replacement. The molecule A is turned entirely into dummy atoms, while the molecule B, initially present entirely as dummy atoms, has its interactions with the remainder of the system turned on.
We need to introduce several terms
Here, we specifically focus on single topology relative free energy calculations [10, 15] -calculations that compute free energy changes via transformation rather than replacement.
To describe our perturbation protocol, we need to define several terms. We will use common substructure 1 (CSS) to refer to an assembly of atoms that remain during the perturbation, though their chemical identities (''atom types'', more formally) may be perturbed. Again, typically it is the CSS which is of interest here. Single topology free energy calculations transform molecule A into molecule B, rather than replacing A with B. Particularly, we perform simulations of a single set of atoms, and alchemical free energy calculations (as employed here) involve changing the interactions of these atoms with one another and their environment. All other atoms of the molecule aside from 1 Here, we do not prepend it with the adjective ''maximal'' as this would imply the largest possible number of atoms the two molecules can have in common which is not what is always wanted. For example, in the mannitol-to-tetrahydropyran transformation, the inclusion of an extra -CH 2 -fragment in the common substructure would certainly make the substructure larger but only at the expense of favoring certain conformations of mannitol which, in general, should be avoided. Fig. 1 alchemical-setup.py provides the missing link between planning and analysis of relative free energy calculations for GROMACS. Previous work in the group has focused on automated planning and on analysis of these calculations; alchemicalsetup.py automates the setup of the calculations which can then be run to arrive at the analysis stage the common substructure we call peripheral. It is these atoms that either appear or disappear 2 during the course of the perturbation and are referred to as dummy atoms when their nonbonded interactions with the rest of the system are removed.
The relative free energy calculations are planned with LOMAP Our first step when considering a pair of molecules is to identify the common substructure. For our purposes, we ignore the coordinates of the atoms and consider the topology. Each molecule can be thought of as a graph whose vertices are atoms and edges bonds. For example, the phenol benzene ring and the cyclohexane subgraph of methylcyclohexane correspond to the same common substructure because they are isomorphic. With two isomorphic subgraphs comprised of the same number of atoms it is possible to find the one-to-one atom correspondence, or, bijection. Finding bijection for a pair of molecules normally does not seem burdensome-it requires inspecting the graph or overlay of the two molecules-but it may become an onerous task as the number of molecules to be screened grows. Therefore, we need to automatically find bijection, a task handled by LOMAP [14] .
Given a set of molecules with binding affinities to be compared, one cannot proceed directly to relative free energy calculations. Instead, a planning step is required first. Calculations must span between molecules in order to achieve at least a minimum spanning tree across the set of molecules, so specific molecules must be connected by calculations to achieve this. In general, however, more calculations are desirable, and some attention needs to be paid to transformation efficiency. These issues have been dealt with by the LOMAP tool developed previously in the group [14] , so here we will assume that the desired relative free energy calculations have already been planned, and the task of finding common substructures and performing to an intermediate whose atoms that need to be replaced are turned into dummy atoms. At this point, the two intermediates are equivalent (essentially corresponding to the CSS) except that their dummy atoms differ. However, these differences cancel when computing the total free energy change (it is not that they actually are equivalent, nor that their free energies are equal-rather, it is that the free energy difference between the two is equal in the different environments (water and gas) and so it cancels). b Single topology, implicit intermediate. Molecule A (left) is transformed into molecule B (right). Here, the endpoints of the transformation are identical in that the number of the atoms the molecules are comprised of is intact. As described in text, we are dealing with a single entity here, comprised of the CSS region (highlighted in blue) and peripheral atoms that are subject to being appeared and disappeared bijection is also complete. These are handled by LOMAP [14] , but other tools can presumably perform a similar task.
Our approach is based on single topology calculations
Our approach is to construct a molecule comprised of the common substructure atoms plus all the peripheral atoms of both molecules. Then its end states can be described as follows. State A is composed of the substructure atoms plus the first molecule's peripheral atoms that are to be disappeared plus the second molecule peripheral atoms that are to be appeared (these are represented as dummies). State B is composed of the substructure atoms plus the second molecule's peripheral atoms plus the first molecule's peripheral atoms represented as dummies. We refer to the resulting ''molecule'' as a chimeric molecule. The dummy atoms have no non-bonded interactions with the rest of the system. This is controlled by turning off their Coulomb and LJ interactions. In this approach the peripheral atoms from one end state are to be disappeared, while those from the other end state are appeared, as shown in Fig. 2b .
Our tool generates the topology and coordinate files of this chimeric molecule by parsing the topology and coordinate files of the molecules in question. The geometry of the chimeric molecule is found as a result of the optimal overlay of the two molecules realized through the Kabsch method [12] which is based on the singular value decomposition algorithm [7] . The moieties that are overlaid are the parts of the molecules that correspond to the common substructure. This approach is advantageous in that it does not require the construction of an extra GROMACS topology file as there is no need to introduce an intermediate dummy state, although linear scaling of electrostatic interactions becomes impossible due to the presence of dummy atoms in both end states and the use of the softcore Coulomb potential [2] is required to avoid numerical instabilities in situations with little or no separation between countercharges [3, 18] .
Constructing the final topology and coordinate files
To construct the final topology and coordinate files we take as input the topology and coordinate files of molecule A and molecule B (to be referred to as A and B subsequently) and the CSS atom indices. These atom indices include which atoms from both A and B are present in the CSS and the mapping onto their atom numbers in the CSS, as would be provided by the output of LOMAP [14] , for example. The output will be a final topology and coordinate file for the full transformation. First, we determine the number of atoms in the chimeric molecule by counting the number of atoms in the CSS and adding the number of excess atoms in the molecules A and B. Then, we reassign the indices of the atoms in A and B to map them onto the final chimeric molecule. Figure 3 depicts the content of the [atoms] directive of the topology file of the mannitol-to-tetrahydropyran interconversion. Figure 4 shows the corresponding chimeric molecule. Then, we copy all of the A-state parameters (for molecule A) into the appropriate places in the topology file and all of the B-state parameters (for molecule B) similarly. Any atom which is an excess atom (not present in A or B) is set to be a dummy atom in the appropriate place. For any bond, angle, or torsional parameter involving a dummy atom, its parameters are copied from the state where it does not involve dummy atoms (either the A or B state). For the [pairs] section, all entries corresponding to retained atoms are copied to the new topology file; the atom indices are changed accordingly. At the same time, we construct the final coordinate file by first overlaying the two molecules, then retaining the coordinates of every atom that exists in the chimeric molecule. These coordinates plus the environment comprise our final coordinate file. The atom indices are changed to be consecutive, as appropriate (Fig. 4) .
The major stages of how alchemical-setup.py fits into the relative free energy workflow are diagrammatically shown in Fig. 5 . To provide more details on the algorithmic side, we achieve the above by performing the following steps:
• Initialize two objects, one for each molecule, A and B (these objects store .top and .gro file names and a dictionary with the mapping of atom indices) • Initialize an object for chimeric molecule whose attributes are 
Simulation details
Free energy calculations consisted of a minimization at each k value, followed by an NVT equilibration phase and then an NPT equilibration phase. Then we collected production data at each lambda value in the NVT ensemble (to be consistent with our prior work [16] , which provides reference data). Simulation protocols were as described previously [16] except as noted, though principal details will be highlighted here. Minimizations consisted of up to 1500 steps of steepest descents minimization, followed by dynamics simulations with the leap-frog stochastic dynamics integrator for temperature control. NVT equilibration was done for 5 ps, followed by NPT equilibration for 100 ps with the Berendsen barostat [1] . Production was 500 ps at each k. To capture the dynamics of hydrogen atoms (some of which change their chemical identity) the time step is lessened from the standard value of 2 fs to 1 fs and we run our simulations without constraints on hydrogen bond lengths, since these need to change if a heavy atom is changing to a hydrogen or vise versa, or even sometimes if the type of a hydrogen atom is changing. Other standard run protocols (cutoffs, PME parameters, etc.) were as used previously [16] , but free energy specific settings were different and need to be discussed in more detail. Soft core potentials were used for both Coulomb and Fig. 3 An excerpt from the topology file of the mannitol-totetrahydropyran interconversion displaying the content of the [atoms] directive. The entries corresponding to to-be-annihilated and to-be-appeared atoms are highlighted in green and purple, respectively, while those of the CSS are left plain. As discussed in the text, soft-core potentials must be used for both types of non-bonding interactions, as the dummy atoms are present in both end states. The chimeric molecule for this transformation is shown in Fig. 4 , and the atom numbering and coloring schemes here correspond to those in In previous relative free energy calculations we have done within GROMACS [4, 19] we separated electrostatic and van der Waals transformations, with Coulomb interactions of any disappearing atoms first being turned off using linear scaling of the atomic partial charges, then van der Waals interactions being modified (turned to zero for disappearing atoms) via soft core potentials. If atoms were simultaneously being appeared, we would then add a second Coulomb transformation to introduce charges on any appearing atoms. In contrast, here, we implement the entire transformation within a single GROMACS topology file which simultaneously changes both Coulomb and van der Waals interactions to move from molecule A to molecule B. In other words our previous work used a single-topology explicit intermediate approach, whereas here we use an implicit intermediate approach. This means that here we also use soft core potentials for Coulomb interactions [2] to avoid crashes due to numerical instabilities mentioned in the ''Our approach is based on single topology calculations'' section.
Results and discussion
To validate our tool we performed relative hydration free energy calculations for a handful of molecules from the SAMPL4 hydration free energy challenge with absolute hydration free energies which were computed recently in our group [16] . It is worth noting though that alchemical-setup.py has much broader application and can be employed to setup any type of relative transfer free energy calculations, be it solvation, binding, or even partitioning.
The choice of the molecules within the SAMPL4 set is somewhat arbitrary and is dictated mainly by the desire to cover the common scenarios one may encounter in relative free energy calculations. Thus, the transformations selected here include a transformation between structurally similar molecules (a planar-ring to planar ring and a heterocycle to heterocycle, as in transformations 2, 3, and 4 in Fig. 6 ), and a transformation between structurally distinct molecules (transformation 1 in Fig. 6 ).
The table of Fig. 6 shows relative hydration free energies obtained by alchemical-setup.py and those found as a difference between the absolute hydration free Fig. 4 The chimeric molecule for the mannitol-to-tetrahydropyran transformation. The atoms colored as follows: atoms to be appeared are red, atoms to be disappeared are green, and the common substructure is black (the blue oxygen atoms of the common substructure are those that will be converted in the hydrogen atoms, i.e. will change their atom type). The -CH 2 -fragment (index 2 in mannitol and index 7 in tetrahydropyran) was not included in the common substructure to avoid biasing the conformation of mannitol. A section of the GROMACS topology file describing this transformation is shown in Fig. 3 , and uses the same coloring scheme and atom numbering Fig. 5 A diagram of how input for relative alchemical free energy calculations is constructed in GROMACS. Two molecules (A and B) along with corresponding coordinates and topologies are provided; a mapper is then used to determine a common substructure shared by the two molecules (as in Fig. 2a, for example) ; the resulting map or bijection is then used by the alchemical-setup.py algorithm to define a chimeric molecule which is a hybrid of the two (Fig. 4 , for example) and generate output topology and coordinate files. Thus, alchemical-setup.py covers the final green box shown here.
The main text provides a more detailed description of what is involved energies computed earlier in our lab [16] . We find that for the majority of the transformations there are no statistically significant differences between the two sets of relative hydration free energies. A slight discrepancy in the free energy estimates for transformation 1 can be attributed due to alternate lambda schedules used in the two approaches. 3 For the purpose of validating our tool, a comparison with experiment is irrelevant since the approach needs to give correct results for the force field which may or may not agree well with experiment. Thus, this consistency between the two sets of results justifies the usage of our tool for setting up relative free energy calculations.
In addition to validating alchemical-setup.py on hydration free energies, we also validated the resulting topologies via visual inspection to ensure parameters in every GROMACS directive were as expected.
Conclusion
Relative transfer free energy calculations in many cases remain suitable only for experts for a variety of reasons. One reason is that their setup can be complicated and can require substantial expert knowledge and scripting. In an effort to ease the setup of these calculations, we here provide alchemical-setup.py, a Python tool which automatically constructs topology and coordinate input files for relative free energy calculations in GROMACS.
alchemical-setup.py implements the following features:
1. the topology builder which produces the .top file with properly defined end states 2. the coordinate file builder based on the geometry optimal overlay realized through the singular value decomposition algorithm
Results from free energy calculations set up by this tool exhibit no statistically significant deviations from those obtained from absolute free energy calculations; and the calculations themselves are substantially easier to set up than those with the explicit intermediate approach we used previously [14] and are now fully automated. Additionally, relative free energy calculations are typically expected to be more efficient than absolute free energy calculations (and offer some other advantages) in the context of binding free energy calculations, further highlighting the utility of this approach. We believe this tool will be helpful in allowing better automation of relative free energy calculations. Along with LOMAP and alchemical-analysis.py, alchemical-setup.py (available at https:// github.com/MobleyLab/alchemical-setup) forms a powerful triad of tools to plan, set up, and analyze relative free energy calculations in an automated manner. Thus, these calculations can now be set up and conducted on a large scale with much less human intervention and time. Fig. 6 A table of relative hydration free energies found for four pairs of molecules depicted in the panels above. The free energies were computed with a new scheme (left column) and obtained as a difference between the absolute hydration free energies reported earlier (right column). The units are kcal/mol
